Two vanadyl complexes of the pyridoxal Schiff bases have been newly synthesized and characterized by several experimental methods, where the N,N'-dipyridoxyl (1,4-butanediamine) and N,N'-dipyridoxyl(1,2-cyclohexanediamine) Schiff base were used. Geometry optimization, assignment of the IR vibrational frequencies and the Natural Bond Orbital (NBO) analysis of the complexes have been calculated by employing the density functional theory (DFT) approaches. Deprotonated form of the Schiff bases (L 2-) acts as a tetradentate N2O2 ligand, which coordinates to the V(IV) via two phenolate oxygens and two imine nitrogens. In the square-pyramidal geometry of the [VO(L)] complexes, the apical position is occupied by an oxo ligand. The DFT-calculated vibrational frequencies are good in consistent with the corresponding experimental values, confirming suitability of the optimized geometries for the complexes. Characteristics of the bonding interactions have explored using the quantum theory of atoms in molecule (QTAIM) analysis. The complex formation results in decrease in strength of the C-N bond of the azomethine group and increase in the strength of the C-O bonds of the phenolate group. High-energy gaps approve stability of the complexes. Both of the complexes show significant radical scavenging activities against the ABTS and DPPH radicals, even higher than the BHA.
INTRODUCTION
The Schiff bases and their complexes are of great importance in many areas especially in the biology such as the antibacterial, 1-3 antifungal, 2 antimicrobial, 4 antidiabetic 5 and anticancer activities. 6, 7 Among of them, the oxovanadium(IV) complexes of the Schiff bases exhibit benefit catalytic 8, 9 and biological properties such as the antimicrobial 3 and antidiabetic activities. 5, 10 The 3-Hydroxy-5-(hydroxymethyl)-2-methylpyridine-4-carbaldehyde or pyridoxal is one form of the Vitamin B6, 11 which plays a cofactor role in many biosynthetic process such as the dehydration of serine and threonine, decarboxylation and racemization of amino acids and transamination. 12 Also, the pyridoxal is necessary for growth of some benefit bacteria, shows anticancer activity, too. The Schiff bases derived from the pyridoxal have been widely studied. Metal complexes of these Schiff bases show important biological applications as the antimicrobial, 13 antioxidant 14 and anticancer agents. 7, 15 Among of them, the vanadium complexes of the pyridoxal Schiff bases display great biological activities such as the antioxidant, 16 antimicrobial 4, 17 and insulin enhancing properties. 5 These prompt us to synthesis and characterization of two new oxovanadium(IV) complexes of the pyridoxal Schiff bases. The employed Schiff bases were N,N′-dipyridoxyl (1,4-butanediamine) [=H2A] and N,N′dipyridoxyl (1,2-cyclohexanediamine) [=H2B]. Previously, synthesis and characterization of the H2A and H2B Schiff bases were reported in references 18 and 19 , respectively. The synthesized V(IV) complexes have been characterized by several experimental methods. Geometry optimization, theoretical assignment of the IR spectra of the complexes and their NBO analysis have been done by employing the DFT methods. Another aim of this work is investigation on the bonding interactions by employing the QTAIM analysis EXPERIMENTAL
Material and methods
The 1,1-diphenyl-2-pyrrolidine (DPPH) and 2,2-Azino-bis (3-ethylbenzothiazoline-6sulfonic acid (ABTS) were prepared from the Sigma-Aldrich Company. All of the other used chemicals were obtained from the Merck Company, which were employed without any further purification. The used Schiff bases were synthesized as reported previously, H2A 18 and H2B. 19 Melting points were obtained using an electrothermal 9100 melting point apparatus. The IR spectra were recorded on a Bruker Tensor 27 spectrophotometer from KBr disks. The mass spectra were obtained on a Shimadzu-GC-Mass-Qp 1100 Ex, where the atmospheric pressure chemical ionization was used. A Heraeus elemental analyzer CHN-O-Rapid was used for the CHN elemental analysis. A Hitachi 2-2000 atomic absorption spectrophotometer was used for determination of percentage of the V 4+ metal ion of the complexes.
Synthesis of the complexes
For synthesis of each oxovanadium(IV) complex, 2 mmol of the corresponding Schiffbase was dissolved in 20 mL methanol. Then, 4 mmol of the NEt3 base was added to solution of the Schiff-base ligand. The mixture was stirred for several minutes. A solution of 2 mmol (0.506 g) of VO(SO4).5H2O in 10 mL methanol was added dropwise to the Schiff base solution. The obtained mixture was stirred for 3 h in 40 ºC. The precipitates were filtered off, washed ith methanol and dried in oven. The [VO(A)] and [VO(B)] complexes are dark-green O n L i n e F i r s t and dark khaki, respectively, yields of which were 76 and 71 %, respectively. They are decomposed at 280 and 203 °C, respectively.
DPPH assay
The DPPH was dissolved in ethanol and its radical form obtained. The DPPH has the highest absorbance at 517 nm. A 0.1 mM solution of the DPPH was prepared in ethanol 95% with a 1:1 ratio of two investigated complexes or standard compound. The solution was placed in the dark for 30 minutes and at 37 °C. The absorbance of the samples was then read at 517 nm. In order to compare the activity of the complexes, Butylated hydroxyanisole (BHA) was used as a positive control. To determine the IC50 (the concentration required to inhibit 50% antioxidant activity) for the investigated complexes and standard compound, the DPPH assay performed at five different concentrations (62.5-500 mg/mL) of the complex solution and standard compound. Each experiment was performed in three rounds and the mean values were calculated. The percentage of radical scavenging activity was calculated by the following equation: DPPH radical scavenging % = (AControl -ASample / AControl) × 100
In this regard, AControl represents the absorbance of the control solution, which contains 0. 
ABTS assay
The ABTS molecule was used in this method. In order to prepare an ABTS radical solution, 2 mL of 7 mM ABTS and 1 mL of 2.45 mM potassium persulfate were mixed together for 16 hours in darkness and 25 ºC. It was subsequently diluted with addition of water to obtain an absorbance of 0.70 ± 0.02 at 734 nm. Then, the diluted ABTS radical solution was mixed in a 1:1 ratio with the [VO(A)] and [VO(B)] solutions at different concentrations (62.5-500 mg/mL). After incubation for 1 hour in 37 °C, the absorbance of the solution was evaluated at 734 nm. This experiment was conducted to obtain the IC50 at five different concentrations of the [VO(A)] and [VO(B)] complexes and standard compound. The BHA was used as a standard compound. The control solution was the content of distilled water instead of the complexes or standard solution. This experiment was performed in three rounds and the mean values were calculated. The percentage of radical scavenging activity was calculated by the following equation: ABTS radical scavenging, %= (AControl -ASample / AControl) × 100 where the AControl and ASample represent absorbance of the control solution and the sample solution, respectively.
THEORETICAL METHODS
All of the DFT calculations were carried out with the B3LYP functional 20 as implemented in the Gaussian 03 program package. 21 The 6-311+G(d,p) basis set was employed except for the vanadium atom, where the LANL2DZ basis set 22 was used. For better results, the effective core potential functions of the LANL2DZ basis set was considered.
Geometries of two complexes have been optimized, which have no imaginary frequency, confirming suitability of the optimized geometries for the complexes. Structures were visualized by using the Chemcraft 1.7 program. 23 Frequency calculations were done on the optimized geometries to identify the IR spectra of the complexes. Usually, the experimental IR vibrational frequencies are less than the DFT-computed values. Herein, the scale factor of 0.9614 was employed to correct the DFT-calculated frequencies. 24 The NBO analysis were calculated to explore the frontier orbitals of the complexes.
O n L i n e F i r s t
The QTAIM was used to exploe the nature of important bonds. The AIM calculations have been done employing the AIMALL package. 25 The QTAIM has been based on the topological analysis of the electron density, (r). There are several quantities of the electron density for exploring the nature of the bonds such as the kinetic energy density (Gb), the potential energy density (Vb), the total energy density (Hb), the electron density ((r)) and its Laplacian (∇ 2 (r)) at a bond critical point (BCP). The isosurface Fukui maps have been computed using the Multiwfn-3.6 software. 26 
RESULTS AND DISCUSSION

Geometry optimization
The pyridoxal Schiff bases and their complexes are of great importance in biological point of view. 5, 7 In this work, two vanadyl complexes of the pyridoxal Schiff bases have been newly synthesized and characterized by several experimental methods. The used Schiff bases are firstly deprotonated to produce the L 2- Based on the proposed [VO(A)] and [VO(B)] formula for the complexes, both of the A 2and B 2anions are coordinated to the VO 2+ ion in the 1:1 ratio. Firstly, the H2A and H2B Schiff bases are deprotonated to give the A 2and B 2anions, respectively, which anions that act as a tetradentate ligand, are coordinated to VO 2+ ion in N2O2 manner. This coordination manner was reported for the similar tetradentate Schiff bases, previously. 5, 8, 18, 19, 27 Optimized geometries of the [VO(A)] and [VO(B)] complexes have been shown in Fig. 1 , where the optimized geometries of the free H2A and H2B Schiff bases are given for comparison. Important structural parameters of the complexes are gathered in Table 1 .
Compared to the free Schiff bases, the V(IV) complexes have more planar structures. For example, the O1-O2-N4-N2 and N1-C2-C9-N3 dihedral angles are about 110 and 60° for the H2A and H2B Schiff bases, which are about 20 and 40° for the [VO(A)] and [VO(B)] complexes, respectively. Also, the N1-C2-C9 angle C5-C3-C8 are 70 and 110° for the Schiff bases, which are 175 and 165° for the complexes, respectively. In the butterfly-like geometries of the free Schiff bases, two pyridine rings are in the separate planes, make a dihedral of about 40° to each other. Also, two sides of the molecule are in opposite directions. For complexation, the pyridine rings rotate around the C17-N2 and C19-N4 bonds. These rotations put the four NOON donating atoms in a same plane, provide necessary condition for coordination of the Schiff base to the metal ion as a tetradentate ligand. For the free H2A Schiff base, the calculated C1-O1-O2 and O n L i n e F i r s t C6-N2-N4 angles are 59 and 81°, respectively, 18 which are 72 and 99° for the free H2B, 19 respectively. These angles are 173 and 143° for the [VO(A)] complex and 169 and 159° for the [VO(B)] complex, respectively ( Fig. 1 ). For comparison, the optimized geometries of the H2A and H2B Schiff bases are given in Figure S1 of the Supplementary material. Four donor atoms of the tetradentate A 2and B 2ligands, two deprotonated phenolate oxygens (O1 and O2 atoms) and two azomethine nitrogens (N2 and N4 atoms) lie roughly in the same plane, occupy four coordinating positions of the square base of the complexes. However, these four donating atoms and V 4+ ion are not in the same plane ( Fig. 1 and Table 1 ), the vanadium is out of the four donating atoms. The calculated O1-O2-N4-N2 and O1-O2-N4-V dihedral angles are about 20-40°, confirming this matter. The apical position of the squarepyramidal complexes is occupied with the oxo ligand (O5). As seen in Table 1 , length of the V-O5 bond is significantly less than the V-O1 and V-O2 bonds.
All of the substituents as well as the azomethine groups are roughly in the same plane with the corresponding pyridine rings. The pyridine-carbon bond lengths for the -CH2OH and -CH3 substitutions (about 150 pm) are proper for the pyridine-C bond ( Table 1) . As expected, coordination of the N2 and N4 azomethine nitrogens to the V 4+ ion elongates the C6=N2 and C10=N4 bonds from 128 pm for the free H2A and H2B Schiff bases to 130 pm in the complexes. Table S1 of the Supplementary material. The C=N stretching vibration of the azomethine group results in an intensive band at 1660-1500 cm -1 region of the IR spectra of the O n L i n e F i r s t Schiff bases. 2, 5, 6, 8, 18, 19, 27, [29] [30] [31] [32] [33] [34] [35] The symmetrical stretching modes of C6=N2 and C10=N4 bonds cause to an intensive band at 1628 and 1650 cm -1 of the IR spectra of the free H2A and H2B Schiff bases, respectively. By coordination of the N2 and N4 azomethine nitrogens to the V 4+ ion, electron density of the C6=N2 and C10=N4 bonds is decreased. Since, stretching vibrations of these bonds are appeared at lower energies than the free Schiff bases, 1609 and 1633 cm -1 for the [VO(A)] and [VO(B)] complexes, respectively. 2, 5, 6, 8, 18, 19, [27] [28] [29] 31 Overlapping of the O-H, N-H and C-H stretching vibration modes results in a band broading in the 3600-2000 cm -1 region of the IR spectra. 8, 18, 19, [27] [28] [29] 31, [33] [34] [35] This region of the [VO(A)] and [VO(B)] spectra has been assigned. The obtained results are gathered in Table S1 , where the O-H stretching vibration of the -CH2OH group is the most intensive band.
Species [VO(A)] [VO(B)] [VO(A)] [VO(B)] [VO(A)] [VO(B)]
In the IR spectra of the complexes, the C1-O1 and C7-O2 stretching vibrations appear at higher energies rather than the free Schiff bases. As expected, deprotonation of the phenolic oxygens increases electron density of the C1-O1 and C7-O2 bonds. The υ(C1-O1) and υ(C7-O2) vibrations of the H2A and H2B free Schiff bases are appeared as a strong band at 1259 and 1236 cm -1 , respectively, which are shifted to 1390 and 1386 cm -1 in the IR spectra of the [VO(A)] and [VO(B)] complexes, respectively.
NBO analysis
Several properties of the chemical compounds such as the atomic charges, charge transfers and molecular orbitals can be analyzed by using the NBO analysis. 19, [27] [28] [29] 35 Shapes of the highest-occupied-molecular orbital (HOMO) and the lowest-unoccupied-molecular orbital (LUMO) of the [VO(A)] and [VO(B)] complexes are shown in Fig. 2 .
As seen in Fig. 2 , both of the HOMO and LUMO orbitals of the complexes are mainly localized on the pyridine rings and the azomethine groups. The V=O5 moiety contributes mostly in the LUMO orbital of the complexes. In both of the complexes, the -CH3 and -CH2OH substitutions of the pyridine rings as well as the bridge region of the complex have no role in the frontier orbitals.
The energy gap, energy difference between the HOMO and LUMO orbitals, plays important role in several properties of the chemical compounds such as the global hardness (η), photochemical reactions, electric properties and electronic spectra. Herein, the large energy gap for the [VO(A)] and [VO(B)] complexes, 3.36 and 3.31 eV, respectively, confirm high stability of the complexes. 19, [27] [28] [29] 35, 36 
QTAIM analysis
Herein, a comprehensive study of intramolecular bonds has been done employing the AIM analysis. The molecular electronic charge density ((r)) is related to the strength of a bond. More information about the nature of the interactions is obtained from signs of the Laplacian of molecular electronic charge density (∇ 2 (r)) and the Hb at the BCP. The molecular graphs of the investigated complexes have been shown in Fig. 3 . For comparison, the molecular graphs of the free H2A and H2B Schiff bases are shown in Figure S2 of the Supplementary material.
The values of (r), ∇ 2 (r), Hb, Gb, Vb and -Gb/Vb at BCP have been given in Table 2 . The hydrogen bond energies can be computed by EHB=½Vb. 37 According to Table 2 , the N2…H25 and N4…H26 interactions with∇ 2 (r)>0, Hb<0, 0.5<-Gb/Vb<1 and EHB=65 kJ.mol -1 are related to medium hydrogen bonds with partially covalent character. As seen in Fig. 3 As expected, the V-O5 is the strongest V-O bond of the complexes ( Table 2) . The Fukui function has been widely employed in prediction of reactive site of molecules. 39 The isosurface Fukui maps of the investigated complexes are shown in Fig. 6 . As seen, the map is mainly on the vanadium and slightly on the phenolic O n L i n e F i r s t oxygens. Since, central V and two phenolic oxygens (O1 and O2 atoms) have larger value of Fukui function, which are responsible for scavenging the radicals. In the optimized geometries for the complexes, the Schiff bases have more planar structure than their free forms. The vanadium atom is shifted upward from the square plane formed by the A 2or B 2ligands.
O n L i n e F i r s t
The IR vibrational frequencies of the investigated complexes have been assigned theoretically. There is good consistency between the experimental-IR frequencies and the corresponding DFT-calculated values, confirming suitability of the optimized geometries for the complexes. The high HOMO-LUMO energy gaps confirm stability of the complexes.
The AIM analysis shows that the C=N bonds of the azomethine groups are weaker in the complexes rather than the free Schiff bases. But, the C1-O1 and C7-O2 bonds of the phenolate groups are stronger for the complexes in comparison with the free Schiff bases. There are several intramolecular H-bonds in structure of the complexes, which are weak and noncovalent interactions. The H2A Schiff bases involves two medium and partially covalent H-bonds.
The antioxidant properties of the synthesized complexes were examined, where the radical scavenging activities of the [VO(A)] and [VO(B)] complexes were investigated against the ABTS and DPPH radicals. Both of the complexes are more active against the ABTS radical than the DPPH one. Also, the [VO(B)] complex shows more scavenging activity rather than the [VO(A)] complex against both of the ABTS and DPPH radicals. It's notable that both of the used complexes show better radical scavenging activities compared to the BHA. Based on the calculated Fukui functions, the vanadium and two phenolic oxygen scavenge the free radicals. 
